Three-dimensional (3D) finite element analysis programs are widely used for numerical simulation of tunneling with different degrees of approximation and various approaches. This study deals with the effects of earth pressure balanced (EPB) tunneling on the stress path and drainage condition of the soil during tunnel advancement. First, by using the Mohr-Coulomb criterion, the 3D stress distribution of the area near the crown and spring line of the tunnel is investigated, after which the tunnel stress path with respect to the Mohr-Coulomb yielding surface is presented. It was concluded that in the case of EPB shield tunneling, the soil around the cutter head tended to be in the elastic domain. Next, the effect of EPB tunneling on the drained and undrained behavior of the soil is examined. By taking into account the three significant factors of a) advance rate of the tunnel face, b) consolidation coefficient of the soil, and c) overburden depth of the tunnel, a parametric study is conducted and a numerical experimental equation proposed for determining drained or undrained soil condition during shield tunnel advancement. Finally, a case study of EPB tunneling is introduced. By using the case study data and results of EPB tunneling on stress path analyses, the proposed equation is verified.
INTRODUCTION
Safe and time-efficient tunnel construction demands adequate and reliable computation methods to evaluate induced settlement. Numerical simulations provide complete and consistent solutions to describe both ground deformation and stress distribution by tunneling. The development of numerical simulation models in tunneling since the early 1980s has improved computational analyses.
The first finite element models (FEMs) developed for simulation of shield tunneling were proposed in two-dimensional (2D) formats. 1)-3) Finno and Clough (1985) investigated the influence of the face pressure of 2D analyses in both longitudinal and transverse sections. 2) Abu-Farsakh (1999) analyzed the excavation sequence by using a 2D model of the longitudinal section. After each excavation step, a remeshing procedure was employed prior to the next step. 4) In the early 1990s, Lee and Rowe developed the first three-dimensional (3D) FEM for shield tunneling, assuming undrained soil conditions and using an elasto-plastic finite element formulation. 5) Yu and Rowe (1999) incorporated plasticity in an analytical solution for tunneling by using cavity contraction analyses with the Mohr-Coulomb yield criterion. Their results showed that soil plasticity affected the prediction of ground movement up to one radius beyond the tunnel cavity. 6) Ohtsu et al. (1999) compared 3D finite element (FE) analysis with coupling of deformation and water flow to 2D analysis with plane strain condition. They concluded that for elasto-plastic analyses, the stress path in 2D FE analysis would have satisfied the yield condition, whereas that in 3D analysis remained in the elastic regime owing to drainage from the tunnel face. Therefore, the difference between 2D and 3D analyses depended on the permeability of the soil and the advance rate of the tunnel face. Ohtsu et al. demonstrated that the change in pore water pressure and effective stress varied greatly according to the permeability of the ground and advance rate of the tunnel face. They also found that the more permeable the ground was, the farther away the stress path was from the failure envelope. 7) Akagi and Komiya (1996) , Komiya, et al. (1999) proposed the concept of "excavation elements" to represent distorted material in front of the shield tunnel boring machine (TBM) in conjunction with a remeshing procedure for modeling the excavation of the tunnel face. 8), 9) Sugimoto and Sramoon (2002) proposed a kinematic shield model to simulate shield TBM behavior during excavation on the basis of equilibrium conditions by considering ground displacement around the shield, 10) and extended their investigation to shield tunneling behavior along a curved alignment in a multilayered ground. 11) Considering the influence of previous stress history and stress path direction during tunneling, Grammatikopoulou, et al. (2008) studied the ground surface settlement trough induced by tunneling and concluded that a more realistic undrained settlement trough induced by tunneling could be simulated if the effect of previous stress history was taken into account. 12) This study deals with the effect of earth pressure balanced (EPB) tunneling on the soil stress path and also the drained and undrained condition of the soil during tunnel advancement. The content is divided into three parts: 1) In the first part (section 2), the effect of EPB shield tunneling on the soil stress path is investigated. Using the elastic perfectly plastic constitutive model with the Mohr-Coulomb failure criterion, the 3D stress distribution of the area near the crown and spring line of the tunnel is investigated, after which the soil stress path with respect to the M-C yielding surface is presented. 2) In the second part (section 3), the effect of EPB tunneling on the drained and undrained behavior of the soil is examined. Taking into account the three significant factors of a) advance rate of the tunnel face, b) consolidation coefficient of the soil, and c) overburden depth of the tunnel, a parametric study is conducted and a numerical experimental equation is proposed for determination of drained and undrained condition of the soil during shield tunnel advancement. 3) In the last part (section 4), a case study of EPB tunneling is introduced. The proposed equation is verified by using a simplified 3D FE analysis program and the case study field measurement data.
EFFECT OF EPB SHIELD TUNNEL-ING ON SOIL STRESS PATH (1) General
In this section, the soil stress path during EPB shield tunnel advancement is investigated. By using an elastic perfectly plastic constitutive model, the 3D stress distribution of the area near the crown and spring line of the tunnel due to EPB shield construction is presented, after which the stress path with respect to the M-C yielding surface is drawn.
(2) Numerical model and used parameters
To generate the tunnel stress path during TBM face advancement, a three-dimensional model was created by numerical code PLAXIS 3D.
A tunnel of diameter D in a uniform soil deposit with an overall thickness of 4D, a width of 2.5D, and a length of 6.67D was assumed. Only one symmetric half was included. The three-dimensional model and its mechanical boundaries are shown in Fig. 1 . Regarding hydraulic boundaries, at x = 0.0 m, x = −2.5D m, y = 0.0 m, y = 6.67D m, and z = −4D m closed flow boundaries, and at z = 0.0 m free surface boundary were used. Numerical analyses were performed for a tunnel (with an outside diameter of D = 12 m) that advances in the y-direction for 25 steps (from y = +20 m to y = +70 m in Fig. 1) . On each step, the tunnel face moves forward by ∆y = +2 m. The length of the TBM is assumed to be 10 m, and lies from y = +10 m to y = +20 m before the start of the first step. The tunnel is assumed to be excavated by the EPB shield method. As the TBM advances, a monitoring section (y = +40 m) is considered for measurement purposes mid-way into the tunnel path, as shown in Fig. 1 .
The elastic perfectly plastic constitutive model, using the Mohr-Coulomb failure criterion and a drained >#)+&&%,#"3#/0(6%)%'#B#0&#(#+&03"'6#-"0,#/%."-0) %8 S90)*#(&#"+)-0/%#/0(6%)%'#"3#B#O#LF#6T#)*() condition is used for soil modeling. Therefore, pore water pressure changes with the time are not taken into consideration. The tunnel lining is modeled as linear elastic and assumed to be 30 cm thick, which is placed immediately following the next round of advancement. The water table is 4 m below ground level at z = −4 m. Table 1 lists the properties of the soil and concrete lining used in the analyses.
(3) Stress path analysis and discussion a) Initial assumptions
To generalize the investigation, three different soil types and three different loading cases were considered, as presented in Tables 2 and 3, respectively. In Table 2 , Poisson's ratio, total unit weight, friction angle, and permeability of the soil are taken to be constant for the three soil types. The values listed in Table 2 cover a wide range of soils that may be encountered in urban tunneling, from hard clay and very dense sand (Type 1) to very soft clay and loose sand (Type 3), although rock material is excluded. Regarding the face pressure in the case of EPB tunneling, the chamber pressure at the excavation face is generally controlled within a range between the active earth pressure and the earth pressure at rest; otherwise, ground settlement or heave occurs. 13) As the maximum case, passive earth pressure is also taken into consideration. The loading case values listed in Table 3 for face pressure are obtained by considering the active, static, and passive earth pressures, as well as the hydrostatic pressure in the tunnel crown at z = −12 m, and in the tunnel invert at z = −24 m. The face pressure acts perpendicularly to the tunnel face and increases with depth according to the rates of increment presented in Table 3 . The potential upper bound for the tail void grouting pressure is also the overburden pressure at the tunnel crown. 14) Therefore, in the three loading cases, values of the tail grouting pressure were assumed to be constant and equal to the ground overburden pressure values at the tunnel crown and invert. The grouting pressure is applied radially and increases with depth according to the values listed in Table 3 .
In Table 3 , the coefficients of active, static, and passive earth pressures are set to 0.33, 0.5, and 3, respectively, by assuming ϕ = 30 • and by using Jaky's equation and Rankine theory.
In total, for each soil type listed in Table 2 , along with each loading case listed in Table 3 , numerical analyses were conducted for nine cases.
b) Monitoring points for analysis
In Fig. 1 , two monitoring points are considered on the spring line and crown of the tunnel at y = +40 m section as follows:
(i) s40: a point one meter away from the tunnel spring line in the horizontal direction at y = +40 m. (ii) c40: a point one meter away from the tunnel crown in the vertical direction at y = +40 m. The principal effective stress values at points s40 and c40 were obtained throughout tunnel advancement, after which the stress paths were plotted for the nine analysis cases. c) 2D chart of stress path Chen and Tseng (2010) proposed a 2D tunneling chart obtained from redistributed 3D principal stress paths for the Mohr-Coulomb criterion and mapped all deviatoric planes into a unique normalized deviatoric plane in which the stress path could be easily traced. 15) By using the proposed tunneling chart and the Mohr-Coulomb criterion, the soil stress paths of the monitoring points during tunneling were obtained.
The 2D tunneling chart method used here, proposed by Chen and Tseng (2010), is described in detail in Appendix A.
Figs.2 and 3 show the variations in the effective principal stress at points c40 and s40 of the monitoring section during TBM face advancement for soil type 1 in the case of active loading. The negative signs in Figs.2 and 3 represent the compression state of the soil. In Fig. 2 , the major effective principal stress (σ ′ 1 ) at c40 increases and converges with the two other minor and intermediate effective principal stresses as the tunnel face approaches the monitoring section at y = +40 m. In Fig. 3 , the effective principal stresses undergo a gradual decrease as the tunnel face approaches and passes the monitoring section. A small decrease due to tail void grouting is also noticeable 10 m after passing the monitoring section. By using the 2D tunneling chart method, the normalized deviatoric stress paths at points c40 and s40 for soil type 1 in the case of active loading are also shown in Figs.4 and 5, respectively.
As these figures show, the tunnel stress paths are inside the yielding surface during TBM advancement. In Fig. 4 , as the TBM face approaches the monitoring location, the stress path moves away from the yielding surface. This is because according to Fig. 2 , stress component values tend to converge, whereas in the case of Fig. 5 , the difference between principal stress component values tends to be constant, which is the reason for the concentrated shape of the stress path at point s40.
Among the nine analysis cases, the stress path of low-strength soil type 3 during high-intensity passive loading is assumed to be the most likely to touch or cross the yielding surface.
Figs.6 and 7 present the normalized deviatoric stress paths of points c40 and s40 for soil type 3 in the case of passive loading. These figures show that the stress paths shift toward the yielding surface, although they are still inside the yielding curve.
This means that the stress-strain behavior of the soil is still in the elastic condition for this case (soil type 3 and passive loading). For all other soil types and loading cases, the stress paths are drawn in a similar way.
According to the figures presented in this section, in the case of EPB shield tunneling, where efforts are made to maintain the face pressure as close as possible to in situ earth and hydraulic pressure, the soil around the cutter head is in the elastic domain.
Therefore, the results of these analyses display that the stress path of the soil is still inside the yielding surface, and the soil is assumed to be in the elastic zone. 
EFFECT OF EPB SHIELD TUN-NELING ON SOIL DRAINED OR UNDRAINED BEHAVIOR
(1) Drained and undrained condition during EPB tunneling Drained or undrained condition of a soil during tunneling is a matter that has been discussed mostly in relation to stability of the open tunnel face. 16 ), 17) Factors such as soil type and advance rate of the tunnel face can greatly affect the hydraulic condition of the ground. Pore water pressure generation by application of face pressure and then its dissipation changes the value and direction of the effective principal stresses, which subsequently induces soil displacement. In tunnel analyzing in saturated soil, both the generation and dissipation of pore pressure should be considered simultaneously by using the soil-water coupling theory. However, if the soil to be analyzed is of low permeability and load is applied for a relatively short period, undrained deformation may be assumed. For the case of the soil with high permeability and long-lasting load, drained deformation could be assumed. 18) Depending on the soil type and advance rate of the tunnel face, soil stress-deformation behav-ior may vary from fully drained to fully undrained condition. Although analyses in saturated soil can be carried out by using soil-water coupling consolidation programs, they can also be accomplished by using the so-called total stress method in either of the above cases.
In the following section, three significant factorsa) advance rate of the tunnel face, b) consolidation coefficient of the soil, and c) overburden depth of the tunnel-are considered first in conducting a parametric study and then proposing a numerical experimental equation for drained and undrained determination of soil stress-deformation behavior during EPB shield advancement in soil. In this part, an undrained analysis followed by a consolidation analysis in which generation and dissipation of excess pore water pressure was taken into consideration, were carried out using the PLAXIS program and the numerical model introduced in section 2 (2).
(2) Method
In EPB tunneling, the tunnel face is supported by excavated soil, water, and additives. At each loading step, face pressure is transmitted to the soil by pressurizing the excavation chamber through the transfer of thrust force into the bulkhead. As the face of the tunnel advances, the excavated soil and water enter the excavation chamber and then are mixed together with additives. Finally, the mixed materials are removed via a screw conveyor and transferred into a conveyor belt, from where it can be transported to the ground surface.
The main assumption here is that the tunnel face is a boundary through which pore water pressure can escape. This means that the excess pore water pressure generated owing to face pressure around the cutter head can be dissipated through the cutter head into the excavation chamber and then out of it through the conveyor belt in the form of muddy soil. At each loading step, for a constant advance rate of the tunnel face (∆x/∆t), TBM moves forward by distance ∆x during the time interval ∆t. Fig. 8 schematically represents the advance rate of the tunnel face at the first and second loading steps. Immediately after the face pressure acts on the saturated soil, pore water pressure is generated, after which the generated pore pressure starts to dissipate during time interval ∆t. The degree of soil consolidation during this time depends on the advance rate of the tunnel face and the soil type. Pore water pressure values immediately after applying the face pressure and after time ∆t can be obtained at the target section in each loading step. The target section, or so-called "monitoring section," refers to a location where the tunnel-induced displacements are measured in the field for safety and verification purposes ( Fig. 8) . Based on Fig. 8 , for the first loading step, when the average distance of the TBM face from the monitoring section is x 1 , the average excess pore water pressure at the monitoring section immediately after applying face pressure is u 01 and after time ∆t becomes u 1 . Therefore, the average degree of consolidation at the monitoring section in the first loading step (x = x 1 ),U 1 , can be expressed as
For all other loading steps, similar procedures are taken to evaluate the degree of consolidation.
(3) Parametric study
In this section, a parametric analysis is presented to evaluate the influence of three parameters on the drainage behavior of the soil in the model introduced in section 2 (2).
The ues (Table 4) . c v is obtained as follows:
where γ w is the unit weight of the pore fluid, k is the coefficient of permeability, K ′ is the drained bulk modulus of the soil skeleton, and Q represents the compressibility of the fluid. By neglecting the compressibility of fluid in comparison with soil skeleton, assuming soil bulk modulus value of K ′ = 3.89 × Table 4 .
In each step, by varying c v and keeping the two other parameters fixed, the average degree of consolidation is obtained as the tunnel face moves toward the monitoring section.
With two values for the overburden ratio (H) and five values for the advance rate of the tunnel face (v), a total of ten numerical analyses were conducted. Among these cases, four are illustrated in Figs. 9-12. In Fig. 9 , for example, keeping values of v and H fixed at 1 m/day and 12 m, respectively, the average degree of consolidation is shown for different values of c v .
The horizontal axis shows the distance of the tunnel face from the monitoring section (y = +40 m), and the vertical axis represents the average degree of consolidation value according to Eq. (1).
In Table 4) .
In can also be made. Fig. 13 shows that a slower advance rate leads to a higher degree of consolidation at the monitoring section. This is expected because a slower tunnel face implies that more time is available for excess pore water pressure to dissipate. Fig. 13 also shows that v does not influence the dissipation rate of excess pore water pressure as significantly as does c v while the tunnel face approaches the monitoring section. This issue had also been addressed by Anagnostou in 1993. 16) 
c) Influence of overburden depth
To investigate the influence of the overburden depth H, two values of 12 and 18 m (1D and 1.5D, where D is the tunnel diameter) are assumed ( Table 4) . This parameter indicates the height of the soil deposit above the tunnel crown. Fig. 14 shows that tunnel excavation at a greater depth slightly decreases the rate of excess pore water pressure dissipation at the monitoring section owing to the longer drainage path, although its effect is far less than that of the two previous parameters. As the tunnel face approaches the monitoring section, the effect of H becomes negligible. Figs. 9-14 reveals that as the tunnel face approaches the monitoring section, not only pore water pressure generation increases, but also does the dissipation rate of pore water pressure, which results in a higher degree of consolidation. Having the average degree of consolidation, i.e., U (%), as an approximate index for which more than this index, stress-deformation calculation can be performed by assuming fully drained condition, and less than this index, the fully undrained condition is used, (e.g., for U > 70%, drained analysis can be assumed as proposed by Veermer and Meier 19) ) a distance x corresponding to this U can be specified. For example, in Fig. 12 , in the case of c v = 336.1 m 2 /day, v = 20 m/day, and H = 18 m, when U ≥ 70% is assumed as the average degree of consolidation so that the drained condition can be applied, we obtain x ≈ 6.5 m.
This means that in the case of c v = 336.1 m 2 /day, v = 20 m/day, and H = 18 m, for distances of tunnel face less than 6.5 m from the monitoring section, the fully drained condition can be assumed. As illustrated in Fig. 15 , if the distance of the tunnel face from the monitoring section is taken to be x i , for a specific set of values for v, c v , and H, theoretically it could be assumed that there is a distance x such that when the tunnel face distance from the monitoring section is closer or farther than this value, the fully drained and fully undrained conditions, respectively, can be assumed for soil stress-deformation calculations at the monitoring section.
As already mentioned, v, c v , and H influence the drainage condition of the soil. If the tunnel diameter (D) is also taken into account, it can be stated that
To clarify how x, v, c v , D, and H are related, a dimensional analysis is carried out, using the results of the parametric study. By using the Buckingham π the- orem, three dimensionless parameters are constructed as follows:
Taking the degree of consolidation U ( = 60%, 70%, and 80%) as an index, x values are read from the results of the analyses performed in section 3 (3) . By using these data and Eq. (3), the relationship between parameters π 1 and π 3 is obtained. The results are plotted in Figs. 16-18 . ;!" ,#< 2 0 "!549!" % Fig.17 Dimensional analysis by plotting π 1 against π 3 for
2 ) "!674!87$9:
;!" .#< 2 0 "!549!" % grees of consolidation in the same figure. The best fits of the data are obtained by bilinear regression. Fig. 19 shows that regardless of the value of U, the relationship between π 1 and π 3 for H/D = 1 is (5) and for H/D = 1.5 is The more general form of the equation is
Note that Eq. (7) is recommended for shallow tunnels in which the ratio of the overburden to tunnel diameter is between 1 and 2. Validation of the proposed experimental equation is shown in the following section.
CASE STUDY OF SOIL DISPLACE-MENT DURING EPB SHIELD TUN-NELING (1) General
In this section, an EPB case study is introduced. By using the 3D FE analysis program and the results of EPB tunneling on stress path analyses, the proposed equation is verified. In this section, Eq. (7) is used to determine the soil drainage during TBM advancement.
Data on vertical displacements of the soil in a monitoring section measured by displacement gauges are collected at this site. The displacement of the corresponding measurement points in the monitoring section induced by EPB tunneling is also calculated by a 3D FEM program, after which the vertical displacement of the measured data and the computational results of the FEM are compared.
(2) Yokohama twin tunnels case
The case study involves side-by-side parallel tunnels excavated in Yokohama, Japan, by two EPB shield TBMs. Each of the tunnel lines (west line and east line) has a diameter of about 12.5 m, and the crown depths from the ground surface vary from The measurement points in the monitoring section 3 (MS3) are monitored for vertical soil displacement before, during, and after the passing of tunnel lines. Fig. 21 shows the layout and location of settlement gauges at MS3. The soil parameters of this site and details of the stratification are summarized in Table  5 .
Table5 Soil parameters and stratification description of studied case, obtained from field tests * 1 . Table 5 , γ t is the total unit weight, c is the cohesion, Φ is the friction angle, E u is the undrained Elastic modulus, E ′ is the drained Elastic modulus, ν u is the undrained Poisson's ratio, ν ′ is the drained Poisson's ratio, K 0 is the lateral earth pressure at rest, and k is the permeability of soil. *2 The value is based on 'standard specifications for shield tunneling,' Japan Society of Civil Engineers. *3 The value is based on Jaky's equation, K 0 = 1 − sin Φ. *4 A value derived from experience in the field has been used. 
(3) FEM numerical model
3D FEM analyses were carried out using the FE program developed by Komiya et al. (1996) . Details of the relevant FE formulation are given in the literature. 8) The stress path analysis performed in section 2 shows that during EPB tunneling, the ground ahead of the tunnel tends to be in the elastic zone. Therefore, in this case, a linear elastic soil model is employed. A 3D model with a monitoring section 3 (MS3)-whose width, length, and height are 128, 136, and 55 m, respectively-is developed as shown in Fig. 22 .
In the model, the difference between the face pressure and actual in situ soil pressure in front of the tunnel, as well as the difference between the grouting pressure and in situ soil pressure at the back of tunnel, are taken as input forces in each step. For drained and undrained conditions, the in situ soil pressure is calculated on the basis of effective and total stresses. Furthermore, the stress and strain of the elements induced by face pressure and the tail grouting in each step are stored to be used in the next analysis step.
The input parameters of the soil layers for this model are listed in Table 5 . Depending on the soil drainage condition (drained or undrained), the elastic modulus and Poisson's ratio (E ′ , ν ′ or E u , ν u ), as well as other parameters listed in Table 5 , are used. The proposed equation is verified according to the following steps:
Step 1: The values of parameters v, c v , and H/D are determined. For this case study, average v is ∼ 10 m/day for the west line and ∼ 11 m/day for the east line (Fig. 20) . A c v of 3.36 m 2 /day is obtained by using Eq. (2). The coefficient of permeability is set to 8.64 × 10 −3 m/day according to Table 5 , and the soil bulk modulus is set to K ′ = 3.89 × 10 3 kN/m 2 . H of the tunnel lines varies between 20 to 26 m, whereas H/D varies between 1.6 and 2.08; therefore, H/D is set to the average value of 1.84.
Step 2: By using the data introduced in the previous step and substituting them into Eq. (7), we determine 
Substituting the above values into the initial equation and solving for x gives x = 2.23 m. Owing to the similarity of v in both lines, the same value of x = 2.23 m is obtained for both lines. Therefore, along the tunnel advancement path, analyses are carried out under the fully drained or undrained condition for zones where the distance of the tunnel face from MS3 is less than or greater than x = 2.23 m, respectively.
Step 3: The 3D model introduced in section 4 (3) is used for FEM analysis of soil displacement in considering the case study data. Having obtained x from the previous step, the determination of drainage condition and total stress analysis are employed in each loading step to calculate the vertical ground displacement. The displacement at MS3 is calculated and then plotted against the tunnel face distance from MS3.
Step 4: The vertical displacements of field data are compared with the computational results of FEM at MS3. Fig. 23 illustrates the comparison results. The moments at which the face and tail of the TBM pass MS3 are also indicated. Before arrival of the TBM face at MS3, the vertical displacements of measurement points in both lines are around zero in the FEM output; the same trend, albeit with a slight heave, is detected in the field data. A few meters before arrival of the TBM face at MS3, the vertical displacement noticeably rises in the FEM output for both lines and specifically in the west line in the field data. This is because the face pressure of the TBM is increasingly perceived by measurement point as the tunnel face approaches the section. During passing of the TBM tail in both lines, the vertical displacement noticeably increases in the FEM output and field data because the tail void grouting pressure is radially applied to the surrounding soil. After passing of the TBM tail through MS3, the FEM results show almost constant vertical displacement, whereas the field data display some upward and downward fluctuations of vertical displacement, which may be due to the post grouting effect of the lining segments around MS3 after the passage of TBM through the section. The maximum anticipated vertical displacement at MS3 in the west line of the FEM output and field data are almost identical (∼ 10 mm); in contrast, the displacement for the east line calculated by FEM is about 7 mm, with a measured value in site of approximately 8 mm. The results show that the values of vertical displacement anticipated by FEM analyses highly conform to the field measurement data. Hence, good prediction of vertical soil displacement can be achieved with the proposed Eq. (7) to determine the drainage condition by use of a simple total stress analysis without soilwater coupling of the soil during EPB tunneling.
CONCLUSIONS
In the present study, the effects of EPB shield tunneling on the stress path and drainage behavior of soil were presented. The results are summarized as follows:
1) In the case of EPB tunneling, the face pressure was kept as close as possible to the sum of the in situ soil and hydraulic pressures. Here, by conducting stress path analyses with three soil types under three types of face pressure conditions (active, static, and passive load cases), the soil around the tunnel face in EPB tunneling was found to be in the elastic domain. 2) To investigate the effects of EPB tunneling on the drainage condition of the soil, a parametric study of the soil coefficient of consolidation, advance rate of tunnel face, and overburden depth was conducted, and a numerical experimental equation was proposed to determine the drainage condition of the soil during tunneling.
3) The proposed numerical experimental equation was verified in an EPB tunneling case, using recorded field observations and considering the results of stress path analyses indicating that the soil condition remained in the elastic zone during EPB tunneling. The results showed that good prediction of soil vertical displacement could be achieved by using the proposed numerical experimental equation. I 2 = σ 1 σ 2 + σ 2 σ 3 + σ 1 σ 3 I 3 = σ 1 σ 2 σ 3
In Eq. (A.1), ξ = 0 implies that the hydrostatic pressure is 0, which corresponds to a deviatoric plane (π-plane) that contains the origin. At the π-plane, failure envelopes intersect the σ 1 and −σ 3 axes at ρ c0 and ρ t0 , respectively, as shown in Fig. 24 b) ; these parameters are defined as follows: The angle of inclination between ρ c0 and ρ t0 is 60 • . The deviatoric plane for each round of tunneling has a corresponding ξ, which can be mapped in the stress space. When the tunnel's working face arrives at each section, the corresponding tunneling stress can be plotted into different deviatoric planes. These planes are parallel with their respective ξ. The sizes of these planes are unequal. By normalizing all deviatoric planes into one plane, stress evaluation using a single chart becomes feasible for all rounds of tunneling.
To obtain the normalized deviatoric plane, σ 1 (ξ) and σ 3 (ξ) axes are replaced in the deviatoric planes by the normalized ratios σ 1 (ξ)/ρ t (ξ) and σ 3 (ξ)/ρ t (ξ), respectively, as illustrated in Fig. 25 .
The failure envelope intercepts ρ t along the σ 1 axis; a projection upon the deviatoric plane in the stress space is normalized to unit length, where σ 1 (ξ)/ρ t (ξ) = ρ ′ t = 1. By using Eqs. (13) and (14), and the friction angle φ = 30 • (refer to Table 1), the normalized length of σ 3 (ξ)/ρ t (ξ) = ρ ′ c = 1.399 along the normalized axis of σ 3 (ξ)/ρ t (ξ) is derived.
